Introduction
Although mitogen-activated protein (MAP) kinases are established mediators of cellular proinflammatory signaling pathways, the role of the p38 MAP kinase in acute pancreatitis pathogenesis is controversial [1, 2] . Nuclear factor-B (NF-B), a transcription factor involved in the induction of many proinflammatory molecules, is reportedly involved in disease pathogenesis [3, 4] . Tumor necrosis factor-␣ (TNF-␣ ) and cholecystokinin (CCK) activate the NF-B pathway and induce the expression of proinflammatory mediators in pancreatic acinar cells [5] [6] [7] . However, the key signaling mechanisms that underlie NF-B activation in pancreatic acinar cells are as yet incompletely understood. We hypothesize that the p38 MAP kinase plays an important role in regulating NF-B activation in exocrine pancreatic cells. To test this hy-pothesis, we expressed a dominant negative form of the p38 MAP kinase (DNp38) and evaluated its effect on NF-B pathway activation in an exocrine pancreatic malignant cell line (AR42J cells). Our findings indicate that DNp38 expression reduces nuclear translocation and DNA binding of NF-B and subdues NF-B-dependent gene transcription following CCK or TNF-␣ stimulation in AR42J cells. These results provide further evidence for a fundamental role for p38 MAP kinase as a regulator of NF-B pathway activation, which in turn emphasizes the potential importance of p38 MAP kinase in the mechanism of acute pancreatitis pathogenesis. No. 500-0006) was from Bio-Rad Laboratories (Hercules, Calif., USA). Replication-deficient adenoviruses expressing GFP (Ad.GFP), NF-B-luciferase (Ad.NF-B-luc) [8] , and empty vector (Ad.EV) were purchased from the University of Iowa Vector Core Facility (Iowa City, Iowa, USA Cell Culture AR42J cells were maintained in F-12K medium supplemented with 20% FBS, penicillin (100 U/ml), and streptomycin (100 g/ ml), in poly-D -lysine-coated culture dishes. Cells were incubated at 37 ° C in a humidified atmosphere containing 5% CO 2 .
Materials and Methods

Materials
Immunoblotting
For immunoblots using whole cell protein extracts, AR42J cells were lysed following stimulation in 100 l of a modified RIPA buffer (50 m M Tris-Cl pH 7.4, 150 m M NaCl, 1 m M EDTA, 1% NP-40, 0.5% deoxycholate) on ice for 10 min. The soluble protein was collected by centrifugation at 15,000 g for 10 min at 4 ° C. Nuclear protein extracts were obtained following stimulation of cells using a commercial extraction kit (NE-PER Nuclear and Cytoplasmic Extraction Reagents, Cat. No. 78833, Pierce Biotechnology). Lysate protein concentrations were measured by Bradford assay (Bio-Rad), then aliquots containing either 40 g (whole cell) or 10 g (nuclear) of lysate were denatured in SDS sample buffer and boiled for 3 min. Proteins were subjected to SDS-PAGE on 12% gels and transferred to PVDF membranes. Blots were probed with primary antibody followed by HRP-conjugated secondary antibody. Proteins were visualized using chemiluminescent detection (ECL Plus Western blotting detection reagent, Cat. No. RPN2132, Amersham Pharmacia Biotech, Piscataway, N.J., USA). Membranes were then stripped for 20 min at 50 ° C with a mild stripping buffer (69.3 m M SDS, 125 m M Tris pH 6.8, 243 m M ␤ -mercaptoethanol), and re-probed for sample loading control (total p38, ␣ -tubulin, or TBP, as appropriate). Densitometry analysis of immunoblots was then performed using ImageJ software (Version 1.4, National Institutes of Health, Bethesda, Md., USA).
Time-Course and Dose-Response Studies
AR42J cells were seeded at a density of 1E 6 cells/well in 6-well culture dishes and incubated for 24 h. To determine the optimal response time for p38 MAP kinase activation, cells were stimulated with 10 M CCK or 10 ng/ml TNF-␣ for 0, 1, 3, 5, 10 or 20 min prior to harvest. For dose-response studies, the cells were stimulated with various doses of CCK or TNF-␣ for 5 min. Cells were then lysed in 100 l modified RIPA buffer, and protein concentration was determined by Bradford assay. Immunoblotting using primary antibody against dually phosphorylated p38 (1: 1,000 v/v) and HRP-conjugated secondary antibody was performed, followed by stripping and probing for total p38 (1: 1,000 v/v).
Adenovirus Infection of AR42J Cells
To evaluate infection efficiency, AR42J cells were incubated with Ad.GFP (5 MOI) and imaged with an Olympus IX51 Inverted Florescent Microscope (Leeds Precision Instruments, Inc., Minneapolis, Minn., USA). To assess cellular injury and viability, AR42J cells were plated at a density of 5E 5 cells/well in 12-well culture dishes and incubated with Ad.EV (5 MOI) or medium alone. After 24 and 48 h, cell viability was evaluated by ATP assay while cell injury was assessed by LDH assay (CellTiter-Glo Luminescent Cell Viability Assay, Cat. No. G7571; CytoTox 96 NonRadioactive Cytotoxicity Assay, Cat. No. G1780; Promega, Madison, Wisc., USA).
Immunoblot Analysis of Cells Expressing DNp38
To test the effect of DNp38 expression on p38 MAP kinase activation, AR42J cells were plated at a density of 1E 6 cells/well in 6-well culture dishes and infected with 5 MOI Ad.EV or Ad.DNp38. At 48 h post-infection, cells were stimulated with 10 M CCK or 10 ng/ml TNF-␣ for 5 min and lysed in 100 l of modified RIPA buffer. Whole cell lysate protein concentration was determined by Bradford assay and immunoblotting using primary antibody against dually phosphorylated p38 (1: 1,000 v/v) and HRP-conjugated secondary antibody was performed, followed by stripping and re-probing for ␣ -tubulin (1: 2,000 v/v). To test the effect of DNp38 expression on NF-B activation, AR42J cells were plated at a density of 1E 6 cells/well in 6-well culture dishes and infected with 5 MOI of Ad.EV or Ad.DNp38. At 48 h post-infection, cells were stimulated with 100 n M CCK or 10 ng/ ml TNF-␣ for 10 min. The nuclear fraction was extracted, protein concentration was determined, and 10-g protein aliquots were subjected to immunoblotting using primary antibody against total p65 (1: 1,000 v/v) and HRP-conjugated secondary antibody. The membranes were stripped and reprobed for TBP (1: 2,000 v/v) as a nuclear protein loading control.
Electrophoretic Mobility Shift Assay (EMSA)
AR42J cells were plated at a density of 1E 6 cells/well in 6-well culture dishes and infected with 5 MOI of either Ad.EV or Ad.DNp38. At 48 h post-infection, cells were stimulated with 100 n M CCK or 10 ng/ml TNF-␣ for 10 min. Nuclear proteins were extracted using a commercial extraction kit (Pierce Biotechnology), and lysate concentrations quantified by Bradford assay (BioRad). EMSA was performed using a non-radioactive chemiluminescent kit (LightShift Chemiluminescent EMSA Kit, Cat. No. 20148, Pierce Biotechnology). The oligonucleotide probe for EMSA corresponded to a biotin 3 end-labeled recognition site sequence specific to activated NF-B, where the NF-B-binding site sequence is underlined: sense, 5 -AGTTGA GGGGACTTT-CC C AGGC-3 ; antisense, 5 -GCCTG GGAAAGTCCCC TCAA-CT-3 . The complementary oligonucleotides were then annealed to generate a double-stranded DNA probe. For each binding reaction, 3 g nuclear extract was used. Reaction mixtures were subjected to PAGE on 6% gels in 0.5 ! TBE buffer at 100 V. DNA was transferred to positively charged nylon membranes, crosslinked for 10 min at 254 nm using a UV transilluminator, and then probed with HRP-conjugated streptavidin primary antibody (1: 300 v/v). EMSA supershift analysis of activated NF-B subunit composition was performed by adding 2 g of the appropriate primary antibody to the binding reactions for 15 min at room temperature prior to the addition of the DNA probe.
NF-B Luciferase Assay
NF-B-dependent gene transcription was evaluated by measuring luciferase activity related to an NF-B-responsive lucifer- 
Statistical Analysis
One-way ANOVA or the paired t test were used (SigmaStat Software, SPSS, Inc., Chicago, Ill., USA). Three wells were studied in each group and results expressed as mean 8 SEM. p values ! 0.05 were considered significant.
Results
Stimulation with CCK or TNF-␣ Activates p38 MAP Kinase in AR42J Cells
The p38 MAP kinase in AR42J cells is activated by CCK or TNF-␣ in a time-and dose-dependent manner ( fig. 1 ). Robust p38 MAP kinase activation occurs 5 min after stimulating with CCK concentrations of 100 n M and above, or TNF-␣ concentrations of 1 ng/ml and above. Peak p38 MAP kinase activation occurs 5 min following CCK stimulation and 10 min following TNF-␣ stimulation. Activation of p38 MAP kinase was compared to total p38 expressed in each sample.
High Efficiency of Adenoviral Infection of AR42J Cells Is Not Associated with Detectable Cell Injury or Death
Cells infected with Ad.GFP show close to 90% infection efficiency at 48 h post-infection ( fig. 2 a) . AR42J cells infected with Ad.EV for up to 48 h show no significant difference in cell viability compared to uninfected cells, as determined by ATP assay ( fig. 2 b) ; LDH assay showed no difference between infected and uninfected cells, indicating that 48 h of adenoviral infection does not cause detectable injury (data not shown).
CCK-or TNF-␣ -Induced p38 MAP Kinase Activation in AR42J Cells Is Diminished by DNp38 Expression
To assess the effect of DNp38 expression on p38 MAP kinase activation following CCK or TNF-␣ stimulation, AR42J cells were infected with Ad.EV or Ad.DNp38 prior to stimulation. Densitometry analysis of whole-cell lysate immunoblots shows a 40% decrease in CCK-induced p38 MAP kinase activation in cells expressing DNp38 compared to controls and, similarly, a 46% reduction in signal with DNp38 expression following TNF-␣ stimulation ( fig. 3 a) . The substantial attenuation of CCK-or TNF-␣ -induced p38 MAP kinase activation in AR42J cells infected with Ad.DNp38 indicates that sufficient DNp38 is expressed in our model to achieve functional inhibition of the p38 MAP kinase pathway.
p38 MAP Kinase Regulates CCK-or TNF-␣ -Induced NF-B Activation in AR42J Cells
To test the effect of DNp38 expression on NF-B activation following CCK or TNF-␣ stimulation, AR42J cells were infected with Ad.EV or Ad.DNp38 prior to stimulation. Densitometry analysis of immunoblots of the nuclear extracts shows a 27% decrease in p65 NF-B subunit expression in the nucleus of CCK-stimulated cells expressing DNp38 compared to controls ( fig. 3 b) . A corresponding 35% reduction in p65 expression in the nucleus following TNF-␣ stimulation is also seen when DNp38 is EMSA supershift analysis was performed using antibodies specific to the NF-B p50 and p65 subunits. Antibody specific to the p65 NF-B subunit interacted with activated NF-B protein as seen by a loss of the shifted NF-B DNA:protein complex that accompanied TNF-␣ stimulation, while antibody specific to the p50 NF-B subunit did not diminish or supershift the band ( fig. 4 b) . Therefore, activation of the p65 subunit of NF-B is involved in this model.
p38 MAP Kinase Regulates CCK-and TNF-␣ -Induced NF-B-Dependent Gene Transcription in AR42J Cells
To determine the time course of CCK-or TNF-␣ -induced increases in NF-B-dependent gene transcription, AR42J cells were infected with Ad.NF-B-luc and then stimulated with CCK or TNF-␣ ( fig. 5 ). Cells stimulated with CCK showed a 3.6-fold increase in NF-B transcriptional activity after 6 h compared to unstimulated controls, which then dropped to a 2.9-fold increase 24 h following stimulation. With TNF-␣ stimulation, transcriptional activity showed a 16.4-fold increase at 6 h compared to unstimulated controls, which dropped to a 3.9-fold increase at 24 h. Therefore, we selected the 6-hour stimulation peak to evaluate the effect of DNp38 expression on NF-B-dependent gene transcription in AR42J cells following agonist stimulation. Cells were coinfected with Ad.NF-B-luc and Ad.EV, or Ad.NF-Bluc and Ad.DNp38, and then stimulated for 6 h with either CCK or TNF-␣ ( fig. 6 ). CCK-stimulated cells showed a 4.3-fold increase in luciferase activity in Ad.EV-infected cells compared to unstimulated controls, which decreased by 68% in DNp38-expressing cells. Cells stimulated with TNF-␣ exhibited a 13.1-fold increase in luciferase activity in Ad.EV-infected cells in comparison to unstimulated controls, which decreased by 54% in DNp38-expressing cells. These results indicate that p38 MAP kinase activation plays a key role in CCK-or TNF-␣ -induced NF-B-dependent gene transcription in AR42J cells. 
Discussion
NF-B is a key regulator of the cellular acute inflammatory response [3, 4, 7] . Inhibition of NF-B improves survival in experimental acute pancreatitis, while expression of NF-B in the pancreas in vivo is associated with pancreatic injury [3, 7] . However, the signaling mechanisms responsible for NF-B activation in exocrine pancreatic cells are not fully understood. In this study, we present our new findings that demonstrate the important role of the p38 MAP kinase in regulating NF-B activation and NF-B-dependent gene transcription following CCK or TNF-␣ stimulation of AR42J cells. We have characterized certain important aspects of the AR42J malignant pancreatic exocrine cell line. We have performed time-course and dose-response studies of CCK-and TNF-␣ -stimulated activation of p38 MAP kinase, shown impressive infection rates with the adenoviral vector, and demonstrated that our experimental conditions do not result in detectable cell injury or cell death. We have validated our novel in vitro model of AR42J cells that incorporates an NF-B-responsive luciferase reporter, by showing a correlation between nuclear translocation of NF-B (EMSA) and NF-B-dependent gene transcription following agonist stimulation (luciferase reporter assay). Both nuclear translocation of NF-B and NF-Bdependent gene transcription are evident following agonist stimulation of AR42J cells and both are substantially subdued by expression of DNp38. In addition, we have also shown that the p65 subunit of NF-B -but not the p50 subunit -is activated in AR42J cells stimulated by CCK or TNF-␣ . As NF-B-dependent gene transcription is known to be associated with production of proinflammatory mediators, and we have shown a key role for the p38 MAP kinase as a regulator of NF-B pathway activation, our findings have important implications in the mechanism of acute pancreatitis pathogenesis.
MAP kinases are critical components in signal transduction from cell surface receptors to the nucleus, but their role in acute pancreatitis pathogenesis has only recently received some attention [2, [9] [10] [11] [12] . Certain studies have suggested that p38 MAP kinase activation could either exacerbate acute pancreatic inflammation or in fact protect against it [2, 10] . One group illustrated a protective role for p38 MAP kinase by finding that its inhibition exacerbates cerulein-induced pancreatitis in rats [2] . Our findings, and those of others, suggest that it is the activation and not the inhibition of p38 MAP kinase that may exacerbate acute pancreatitis. By demonstrating inhibition of NF-B-dependent gene transcription following expression of DNp38, we have shown in a previous study that the p38 MAP kinase regulates activation of the NF-B pathway in isolated pancreatic acinar cells [13] , and we have confirmed the same phenomenon in AR42J cells in the present study. However, the conflicting reports illustrate that there is as yet no clear consensus as to the role p38 MAP kinase plays in acute pancreatitis pathogenesis and this underlines the importance of further investigations to clarify this controversy.
The AR42J cell line is often used in the investigation of signaling mechanisms that may mimic those seen in pancreatic acinar cells [14] [15] [16] [17] . AR42J cells offer many advantages in the study of signaling mechanisms in the pancreas, such as the ease of cell culture maintenance, high transduction efficiency with adenoviral vectors, and the endogenous expression of receptors for many agonists such as CCK and TNF-␣ . We have previously used AR42J cells infected with Ad.NF-B-luc to evaluate the role of another MAP kinase, extracellular regulated kinase (ERK), in modulating NF-B-dependent gene transcription [15] . In CCK-or TNF-␣ -stimulated AR42J cells, expression of DN-ERK2 significantly diminished NF-Bdependent luciferase activity [15] .
NF-B is a transcription factor that regulates the transcription of many proinflammatory mediators such as cytokines, chemokines, oxygen-derived free radicals, adhesion molecules, and inducible effector enzymes [4, 7, 18] . In the classical NF-B pathway, NF-B is present in the cytosol of quiescent cells in an inactive state complexed with I B [8] . Following cell surface receptor agonist stimulation, the inhibitory subunit I B undergoes phosphorylation and degradation, which allows activated NF-B to translocate to the nucleus. Upon entering the nucleus, the activated NF-B binds to response elements to induce the transcription of several proinflammatory mediators. Since it is present in the cytosol in an inactive form, NF-B is known as a rapid activating transcription factor as no protein synthesis is required in order to activate it following stimulation.
In the present report, we show that either CCK or TNF-␣ stimulation of AR42J cells activates both p38 MAP kinase and NF-B. The activation of NF-B following stimulation is confirmed by translocation of the p65 NF-B subunit to the nucleus, increased DNA binding by NF-B as shown by EMSA of nuclear fractions, and the substantial increase in NF-B-dependent gene transcription as measured by luciferase activity. In cells expressing DNp38, we see substantial decreases in activation of both p38 MAP kinase and NF-B after agonist stimulation in comparison to controls. DNp38 expression dampens nu-clear translocation of the p65 NF-B subunit, DNA binding by NF-B, and NF-B-dependent gene transcription in agonist-stimulated AR42J cells. These findings support the view that p38 MAP kinase regulates proinflammatory transcription factors such as NF-B in pancreatic exocrine cells. This is significant because of the roles that CCK and TNF-␣ play in exacerbating acute inflammation in experimental models of acute pancreatitis [1, [19] [20] [21] [22] [23] . Investigations using the donor rat model have shown that bile-pancreatic juice exclusion from gut exacerbates duct ligation-induced acute pancreatitis and also increases pancreatic phosphorylation of stress kinases (JNK, ERK, p38), activation of NF-B, and production of proinflammatory mediators [15, [24] [25] [26] [27] . Also, in keeping with our findings in the present report in AR42J cells, activation and nuclear translocation of NF-B in duct ligation-induced acute pancreatitis in rats involves the p65 subunit but not the p50 subunit [11] .
Although we have demonstrated a link between MAP kinase activation and subsequent NF-B pathway activation, other pathways independent of MAP kinase pathways probably also participate in NF-B activation and proinflammatory mediator production following agonist stimulation of exocrine pancreatic cells. This is suggested by our finding that DNp38 expression did not completely block CCK-or TNF-␣ -induced NF-B DNA binding or transcriptional activity. For instance, others have shown that agonist-stimulated NF-B activation in acinar cells can be mediated by protein kinase C and protein kinase D1 [7, 28] .
In the present report, we have analyzed the role that the p38 MAP kinase plays in regulating NF-B activation in the short term (10 min). However, studies have shown evidence of two phases of NF-B activation in response to agonist stimulation due to the role of the inhibitory subunit I B [29, 30] . I B is composed of the subunits I B ␣ and I B ␤ , which maintain NF-B in its quiescent form in the cytosol by masking its nuclear localization sequence. I B ␣ is rapidly but transiently degraded in pancreatitis (first phase), while I B ␤ degrades much more slowly (second phase). We have shown evidence for the involvement of p38 in mediating the initial phase of NF-B activation, but have yet to determine if it plays a role in long term activation. Clarification of these aspects of the role of p38 MAP kinase in NF-B activation will be useful prior to embarking onto in vivo studies in experimental models of pancreatitis.
In summary, we have shown that following CCK or TNF-␣ stimulation of AR42J cells, p38 MAP kinase is activated in a time-and dose-dependent manner and is accompanied by NF-B pathway activation. We have shown that expression of DNp38 attenuates CCK-or TNF-␣ -induced p38 activation, nuclear translocation and DNA binding of NF-B, and NF-B-dependent gene transcription in AR42J cells. These findings provide evidence for the key role of the p38 MAP kinase in the regulation of NF-B pathway activation in exocrine pancreatic cells and potentially in the mechanism of acute pancreatitis pathogenesis.
